REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


The  public  reporting  burden  for  this  col  oction  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data 

sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other 
aspect  of  this  collection  of  information,  including  suggestions  for  reducing  the  burden,  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information 
Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other 
provision  of  law,  no  person  shall  be  sub'cct  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  0MB  control  number 
PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 

09/28/2015 


2.  REPORT  TYPE 

Final 


4.  TITLE  AND  SUBTITLE 

Highly-Efficient  and  Modular  Medium-Voltage  Converters 


6.  AUTHOR(S) 

Maryam  Saeedifard 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Georgia  Tech  Research  Corporation,  Atlanta,  GA  30332-0420 


3.  DATES  COVERED  (From  ■ 

Jun  2014-  May  2015 


To) 


Sa.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 

N00014-14-1-0615 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 
Office  of  Naval  Research 
875  North  Randolph  St. 

Arlington,  VA  22203 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  is  unlimited. 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 

ONR 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

The  goal  of  this  project  is  to  develop  advanced  control  strategies  that  enable  realization  of  highly  efficient,  modular  medium- 
voltage  dc-ac  and  dc-dc  energy  conversion  systems  by  development  of  new  control  strategies  that  improve  the  operational 
characteristics  of  the  dc-ac  and  dc-dc  MMC  with  regard  to  minimization  of  the  capacitor  voltage  ripple  and  circulating 
currents,  thereby  improving  the  converter's  efficiency  and  power  density. 


15.  SUBJECT  TERMS 

Modular  Multilevel  Converters,  DC-DC  Conversion,  DC-AC  Conversion 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

18.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF 

PAGES 

Maryam  Saeedifard 

U 

u  i 

u 

UU 

50 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

404  894  4834 

standard  Form  298  (Rev.  8/£8) 
Prescribed  by  ANSI  Std.  Z39.18 


oto|c;ioo(0'g,5 


Final  Report  for  Grant  N00014-14-1-0615 


Highly-Efficient  and  Modular  Medium-Voltage  Converters 
Lead  Organization:  Georgia  Tech  Research  Corporation 


Technical  Contact:  Maryam  Saeedifard 

School  of  Electrical  and  Computer  Engineering,  Georgia  Institute  of  Technology 
Van  Leer  Electrical  Engineering  Building,  111  Atlantic  Dr.,  Atlanta,  GA  30332-0250 
Phone:(404)  894-4834  Fax:(404)894-4641  marvam@ece.gatech.edu 


1 


TABLE  OF  CONTENTS 


ABSTRACT .  3 

I  CONTROL  OF  THE  DC-AC  MMC  FOR  VARIABLE-SPEED  DRIVE  SYS¬ 
TEMS  .  5 

1 . 1  Glossary  of  terms .  5 

1 .2  Introduction .  6 

1.3  The  MMC .  8 

1.3.1  Dynamic  Model .  8 

1.4  Low-Frequency  Operation .  9 

1.4.1  The  Existing  Sine-wave  Strategy .  9 

1 .4.2  The  Proposed  Strategies .  11 

1 .4.3  Comparison  of  the  Proposed  Strategies  with  the  Sine-Wave  Strategy  12 

1.5  Controller  Design  Methodology .  13 

1.6  Closed-loop  System .  15 

1 .6. 1  Closed-loop  System  Dynamics .  15 

1 .6.2  Stability  Analysis  of  the  Closed-loop  System  .  17 

1.7  Experimental  Results . 20 

1.7.1  Startup  Operation . 21 

1.7.2  Step  Change  in  Torque . 22 

1.7.3  Steady-state .  24 


II  CONTROL  OF  THE  DC-DC  MMC  .  26 

2. 1  Mathematical  Modeling  of  the  DC  MMC . 26 

2.1.1  Basics  of  Operation . 26 

2.1.2  Phasor-domain  Steady-state  Model . 27 

2.2  Converter  Design  and  Component  Sizing . 30 

2.2. 1  Arm  Inductive  Reactance . 30 

2.2.2  Phase  Filtering  Inductive  Reactance .  31 

2.2.3  SM  Capacitive  Reactance . 32 


1 


33 


2.2.4  Operating  Frequency 

2.2.5  Simulation  Results  .  35 

2.3  Closed-loop  Control  of  the  DC  MMC .  36 

2.3.1  TheMCC .  39 

2.3.2  ThePCC . 40 

2.3.3  Simulation  Results  . 41 

2.4  Conclusions . 45 

PUBLICATION  UNDER  THIS  GRANT  . 47 

REFERENCES . 48 


2 


ABSTRACT 


The  modular  multilevel  converter  (MMC)  is  increasingly  becoming  popular  for 
multi-MW  drive  systems.  One  of  the  main  technical  challenges  associated  with  the  op¬ 
eration  of  MMC  for  adjustable-speed  drives  is  the  large  magnitude  of  submodule  (SM) 
capacitor  voltage  ripple  under  constant-torque  low-speed  operation.  This  project  proposes 
two  new  control  strategies  to  reduce  the  magnitude  of  the  SM  capacitor  voltage  ripple 
in  the  MMC-based  adjustable-speed  drive  systems  under  constant-torque  low-speed  op¬ 
eration.  The  proposed  control  strategies  are  based  on  injecting  a  square-wave  common¬ 
mode  voltage  at  the  ac-side  and  a  circulating  current  within  the  phase-legs  to  attenuate  the 
low-frequency  components  of  the  SM  capacitor  voltages.  The  frequency  spectrum  of  the 
injected  circulating  current  consists  of  components  in  the  vicinity  of  either  the  common¬ 
mode  frequency  or  the  common-mode  frequency  and  third  harmonic  of  the  common-mode 
frequency.  This  report  also  provides  (i)  a  theoretical  comparison  of  the  proposed  control 
strategies  with  the  existing  ones,  (ii)  a  controller  design  methodology  to  systematically 
determine  the  controller  gains  of  the  proposed  control  strategies,  and  (iii)  a  theoretical 
proof  of  stability  of  the  proposed  control  strategies  and  their  design  methodology  based 
on  Lyapunov  analysis  of  singularly  perturbed  non-linear  non-autonomous  systems.  A  set 
of  experimental  results  for  various  case  studies  on  a  laboratory-scale  prototype  are  pro¬ 
vided  to  support  the  theoretical  proof  of  stability  of  the  proposed  control  strategies  and 
their  design  methodology,  and  to  show  the  superior  performance  of  the  proposed  strategies 
over  the  existing  strategy.  The  DC-DC  Modular  Multilevel  Converter  (MMC),  which  has 
originated  from  the  AC-DC  MMC  circuit  topology,  is  an  attractive  converter  topology  for 
interconnection  of  medium-/liigh-voltage  DC  grids.  The  objective  of  the  proposed  research 
is  to  address  the  technical  challenges  associated  with  the  operation  and  control  of  the  DC- 
DC  MMC.  To  this  end,  first,  a  phasor-domain  mathematical  model  of  the  DC-DC  MMC 
is  proposed  to  determine  the  AC  and  DC  components  of  the  arm  current,  phase  current, 
and  Sub-Module  (SM)  capacitor  voltage  ripple  under  steady  state.  A  design  procedure  for 
the  DC-DC  MMC  based  on  the  proposed  mathematical  model  is  developed  to  achieve  high 
efficiency  and  to  reduce  the  size  of  components.  The  proposed  design  procedure  includes 
sizing  of  the  arm  inductor,  submodule  capacitor,  and  phase  filtering  inductor  along  with  the 
selection  of  AC  operating  frequency  of  the  converter.  The  accuracy  of  the  developed  model 
and  the  effectiveness  of  the  design  approach  are  validated  based  on  the  simulation  studies 
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in  the  PSCAD/EMTDC  software  environment. 

Proper  operation  of  the  DC-DC  MMC  necessitates  injection  of  an  AC  circulating  cur¬ 
rent  to  maintain  its  SM  capacitor  voltages  balanced.  The  AC  circulating  current,  however, 
needs  to  be  minimized  for  efficiency  improvement.  To  regulate  the  active  AC  power  of  each 
arm  and  to  maintain  the  SM  capacitor  voltages  balanced,  two  closed-loop  control  strategies, 
one  based  on  an  Model-based  Close-loop  Controller  (MCC)  and  the  other  based  on  a  Push- 
Pull  Closed-loop  Controller  (PCC)  are  proposed  to  control  the  DC-DC  MMC.  Both  control 
strategies  are  capable  of  simultaneously  regulating  the  output  DC-link  voltage,  maintain¬ 
ing  the  SM  capacitor  voltages  balanced  and  minimizing  the  AC  circulating  current.  The 
proposed  control  strategies  employ  PI  controllers  to  regulate  the  output  DC-link  voltage. 
The  MCC  controls  the  arm  AC  active  power  based  on  the  steady  state  model  of  the  DC-DC 
MMC  while  the  PCC  controls  the  arm  AC  active  power  based  on  a  perturb  and  observe 
algorithm.  Performance  and  effectiveness  of  the  proposed  control  strategies  are  evaluated 
based  on  simulation  studies  under  various  operating  conditions  in  the  PSCAD/EMTDC 
software  environment. 
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CHAPTER  I 


CONTROL  OF  THE  DC-AC  MMC  FOR  VARIABLE-SPEED  DRIVE 

SYSTEMS 


LI  Glossary  of  terms 


Number  of  inserted  SMs  in  the  upper  arm  of  MMC  phase-  j 
Number  of  inserted  SMs  in  the  lower  anu  of  MMC  phase-  j 
PWM  reference  waveform  for  the  upper  arm  of  MMC  phase-y 
P  WM  reference  waveform  for  the  lower  ami  of  MMC  phase-y 
PWM  reference  waveform  to  control  the  circulating  current 
in  phase-leg  j  of  the  MMC 

Fundamental  frequency  component  of  PWM  reference 
waveform  for  ac-side  phase-  j  voltage 
Magnitude  of  mj 

Common-mode  frequency  component  of  PWM  reference 
waveform  for  ac-side  phase- j  voltage 
Magnitude  of  rricm. 

Angular  frequency  of  Wcm 
Frequency  of 

Phase-y  upper-arm  current  in  MMC 
Phase-y  lower-arm  current  in  MMC 
Circulating  current  in  phase-  j  leg  of  MMC 
MMC  dc-link  current 
Ac-side  current  in  phase- j 
Magnitude  of  ac-side  current 
Frequency  of  ac-side  current 
Ac-side  power  factor  angle 

Fundamental  frequency  component  of  ac-side  phase-y  voltage 

Common-mode  frequency  component  of  ac-side  phase-  j  voltage 

Ac-load  resistance 

Ac-load  inductance 

Machine  phase-  j  back-emf 

Rotor  flux  magnitude 

Rotor  speed 

Rotor  angle 

Power  losses  of  the  MMC 


m 

m„ 


pj 


m. 


circj 


m 


J 

m 


Wcm 

^cm 

/cm 

^Pj 

^nj 

^circ,y 

^*dc 
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/ 

<P 

^cm 

^load 

^load 

K, 

U>r 

Or 

P\oss 
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Low-frequency  components  inx  x 

Three-phase  vector  of  phase  current/voltage  Xj  Xabc 

Park’s  transformation  matrix  T 

Settling  time  of  closed-loop  qd  current  control  system  of  the  motor  out 
Damping  constant  of  closed-loop  qd  current  control  system 
of  the  motor 

Settling  time  of  closed-loop  circulating  current  control  system  ts^mt 

Time  constant  of  closed-loop  circulating  current  control  system  T^on 
Settling  time  of  current  filter  ^5, niter 

Proportional  controller  gain  of  the  motor  qd  current  controller  Kp 

Integral  controller  gain  of  the  motor  qd  current  controller  Kt 

Proportional  controller  gain  of  the  circulating  current  controller  Kp\ 

1.2  Introduction 

The  modular  multilevel  converter  (MMC)  has  become  one  of  the  most  attractive  con¬ 
verter  topologies  for  medium-  and  high-voltage/power  applications  due  to  its  modularity 
and  scalability.  The  MMC  has  been  widely  investigated  for  high-voltage  direct  current 
transmission  systems  [1-10],  and  is  increasingly  being  investigated  for  medium-voltage 
adjustable-speed  drive  systems  [11-21],  One  of  the  main  technical  challenges  associated 
with  the  operation  of  MMC  under  constant- torque  low-speed  operation  of  the  MMC-based 
adjustable-speed  drive  system  is  the  large  magnitude  of  the  submodule  (SM)  capacitor  volt¬ 
age  ripple  due  to  the  inverse  dependence  of  the  SM  capacitor  voltage  ripple  on  the  speed  of 
the  machine.  This  leads  to  increased  rating  values  of  the  converter  and/or  instability. 

In  the  technical  literature,  a  few  control  strategies  have  been  proposed  to  reduce  the  SM 
capacitor  voltage  ripple  of  the  MMC-based  adjustable-speed  drive  systems  under  constant- 
torque  low-speed  operation  [15-17, 19,21].  The  control  strategies  proposed  in  [15-17, 19, 
21]  are  mainly  based  on  using  two  additional  degrees  of  freedom,  i.e.,  a  common-mode 
voltage  at  the  ac-side  and  a  circulating  current  within  the  phase-legs,  to  attenuate  the  low- 
frequency  components  of  the  SM  capacitor  voltage.  Mitigation  of  the  low-frequency  com¬ 
ponents  in  the  SM  capacitor  voltage  results  in  the  reduction  of  the  peak-to-peak  ripple  of 
the  SM  capacitor  voltage.  The  control  strategy  based  on  using  sinusoidal  common-mode 
voltage  and  circulating  current  to  attenuate  the  low-frequency  components  of  the  SM  ca¬ 
pacitor  voltage  was,  first,  proposed  in  [15].  In  [17],  the  sinusoidal  common-mode  voltage 
and  circulating  current  are  optimized  in  the  intermediate-speed  region  to  limit  the  SM  ca¬ 
pacitor  voltage  ripple  and  the  peak  value  of  the  arm  current.  In  [21],  the  SM  capacitor 
voltage  ripple  is  analysed  with  respect  to  the  peak  value  of  the  sinusoidal  common-mode 
voltage.  In  [19],  control  of  an  MMC-based  adjustable-speed  drive  system  over  the  com¬ 
plete  operating  speed  region  is  proposed.  The  control  strategy  in  [19]  in  the  low-speed 
region  is  based  on  a  sinusoidal  common-mode  voltage  and  circulating  current.  A  control 
strategy  in  the  low-speed  region,  based  on  using  square -wave  common-mode  voltage  and 
circulating  current  to  attenuate  the  low-frequency  components  in  the  SM  capacitor  voltage 
and  to  reduce  the  peak  value  of  the  circulating  current,  is  proposed  in  [16].  In  [20],  the  con¬ 
trol  strategy  in  the  intermediate-speed  region  based  on  optimizing  the  dc  value  of  the  SM 
capacitor  voltage,  is  explored.  However,  the  control  strategies  proposed  in  [15-17, 19,21] 
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Sub-Module 


y  I  y  y  ~ry 
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Figure  1:  Circuit  diagram  of  a  three-phase  MMC. 


to  reduce  the  SM  capacitor  voltage  ripple  in  the  low-speed  region,  have  their  own  draw¬ 
backs.  The  control  strategy  proposed  in  [15, 17, 19,21]  requires  a  large  circulating  current, 
which  increases  the  power  losses  and  size  of  the  components  of  the  converter.  The  control 
strategy  proposed  in  [16]  is  based  on  a  square- wave  circulating  current.  A  square-wave 
circulating  current  requires  a  very  large  voltage  across  the  arm  inductor  at  its  discontinuous 
points,  which  is  practically  difficult  to  attain  and  may  cause  control  issues. 

Stability  analysis  of  the  control  strategies  proposed/investigated  for  grid-connected  MMCs 
has  been  explored  in  [22-24].  However,  the  stability  analysis  in  [22]  is  only  performed  on 
specific  states  of  the  MMC  with  some  assumptions  on  the  stability  of  the  other  states  of 
the  system.  The  stability  analysis  in  [24]  is  also  performed  on  specific  states  of  the  MMC 
system.  Moreover,  the  stability  analysis  in  [23,  24]  use  the  LaSalle’s  theorem  on  non- 
autonomous  systems  while  the  LaSalle’s  theorem  is  only  applicable  to  the  autonomous 
systems. 

This  project  presents  two  new  control  strategies  to  reduce  the  SM  capacitor  voltage  rip¬ 
ple  under  constant-torque  low-speed  operation  of  an  MMC-based  adjustable-speed  drive 
system.  The  proposed  control  strategies  are  based  on  injecting  a  square-wave  common¬ 
mode  voltage  at  the  ac-side  and  a  circulating  current  within  the  phase-legs.  The  frequency 
spectrum  of  the  injected  circulating  current  consists  of  components  in  the  vicinity  of  either 
the  common-mode  frequency  or  the  common-mode  frequency  and  third  harmonic  of  the 
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common-mode  frequency.  This  report  also  provides  a  theoretical  comparison  of  the  pro¬ 
posed  control  strategies  with  the  existing  control  strategies.  The  proposed  control  strategies 
provide  a  superior  performance  compared  to  the  existing  control  strategies,  in  terms  of  the 
peak/rms  value  of  the  circulating  current  and  the  SM  capacitor  voltage  ripple.  This  paper 
presents  a  controller  design  methodology  to  systematically  determine  the  controller  gains 
of  the  proposed  control  strategies.  The  controller  gains  are  designed  such  that  the  closed- 
loop  circulating  current  control  system  settles  much  faster  than  the  ac-side  motor  current 
control  system.  This  report  also  proves  the  stability  of  the  proposed  control  strategies  and 
their  design  methodology  based  on  Lyapunov  analysis  of  singularly  perturbed  non-linear 
non-autonomous  systems  [25].  The  stability  analysis  is  performed  on  the  complete  MMC 
system.  A  set  of  experimental  results  for  various  case  studies  on  a  laboratory-scale  pro¬ 
totype  are  provided  to  support  the  theoretical  proof  of  stability  of  the  proposed  control 
strategies  and  their  design  methodology,  and  to  confirm  the  superior  performance  of  the 
proposed  strategies  over  the  existing  strategy. 

1.3  The  MMC 

The  circuit  diagram  of  a  three-phase  MMC  is  shown  in  Fig,  1,  The  structure  of  MMC 
is  explained  in  [4].  The  only  addition  to  the  structure  explain  in  [4]  is  the  resistor  7?^,  which 
represents  the  resistance  used  in  the  voltage  sensing  circuit  of  each  SM  capacitor. 

1.3.1  Dynamic  Model 

As  an  extension  of  the  work  in  [23],  the  capacitor  voltage  dynamics  of  the  MMC  can 
be  summarized  by 


dVcpj 


^SM  I  ^circ./  "t*  « 


dt 

dv^fjj 

CsM — ; —  = 


^dc 


2  ■  ■  3 


^cp,j 


dt 


}i,j 


^dc 


’t'  ^circ,y  -  I 


(la) 

(lb) 


where  the  P  WM  reference  waveforms  used  to  control  the  upper  and  lower  arms  of  phase-leg 
j  are  given  by 


m 


pj 


^1  2/770irc,yj 

1  1 

[mj  +  mcm) 

2 

2 

(l  -  2mcircj] 

1  1 

.  -L  . 

[mj  +  OTcm) 

2  2 

Moreover,  the  overall  dynamics  of  the  MMC  can  be  summarized  by 

^_N 


dt 


1  2/?7circj)  ^ 

2 

2 

/ 

-  R^ij  -  [ej  +  Vcm) , 


(2a) 

(2b) 


(3a) 
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where 


L. 


‘^hircj  _ 

~dt  ~  2 


[mj  +  nicn,)  ^  (l  -  2wcirc,;)  ^  ^ 
2  2^ 


-^c,j 


C, 


SM" 


^dc  -^o^dc  p  . 

4*  /T^cm^  ^  2^1  2/??circ,y^ 


dt 


2 


*circ,y 


1  I  2 


(l  2Wcircy^ 


"^dc5 


dv^j  {\-2m 

circ,y  )_  2(wy  +  /72cm). 

SM — = - r - ij - r - h 


dt 


*circ,y 


1  ^  2  (mj  +  Wcm)  . 

r/^-J  3  2 


(3b) 


(3c) 


(3d) 


'■eq 


-eq 


=  {vcpj  +  Va,.j)  , 

(4a) 

~  {^cp.J  ~  '^auj)  > 

(4b) 

^load  ^  ^5 

(4c) 

=  Lioad  + 

(4d) 

1.4  Low-Frequency  Operation 

Without  adopting  any  specific  control  strategy,  the  peak-to-peak  ripple  of  the  SM  ca¬ 
pacitor  voltages  is  given  by  [26] 


dv 


c,pp  - 


lo 

2CsM<^r 


m  cos  (p 
2 


3 

2 


(5) 


As  shown  in  (5),  the  peak-to-peak  ripple  of  the  SM  capacitor  voltages  has  an  inverse  depen¬ 
dency  on  the  ac-side  frequency  and  a  direct  dependency  on  the  ac-side  phase  current  mag¬ 
nitude.  Consequently,  under  low-speed  and  startup  conditions  of  constant-torque  MMC- 
based  adjustable-speed  drive  systems,  the  peak-to-peak  ripple  of  the  SM  capacitor  voltages 
becomes  pronounced. 


1.4.1  The  Existing  Sine-wave  Strategy 

The  sine-wave  control  strategy  to  reduce  the  SM  capacitor  voltage  ripple,  hereafter 
referred  to  as  the  sine-wave  strategy,  is  based  on  injecting  a  sinusoidal  common-mode  volt¬ 
age  and  circulating  current  [15, 17, 19,21].  The  corresponding  common-mode  frequency 
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dv, 


dt 


CsM 


3  2, 

sin((2^+  1)  WcmO 


cos(2a>cm0  +  T  +  T  cos(4a>cmO  + 


COS(6Wcm0 


(l-mj) 


(l  -  mj) 


n 


^Mcm 


(k\  sin(a)cmO  +  ^3  sin(36JcmO) 


(^1  sin(a>cmO  +  h  sin(3a>cmO)  ^ 


sin 


(2;c+  1) 


1  ^ 

(8) 


component  of  the  PWM  reference  waveform  and  the  circulating  current  are  given  by 


^cm  ~  r/  “  -^cm  sin  (Ci^cmO  » 

^dc 

2 

rndj 

sm(u>cmO  +  — 


*circ,7 


1  -  m  i 

I 


^dc 

T' 


(6a) 

(6b) 


The  PWM  reference  waveforms  used  to  control  the  upper  and  lower  arms  of  phase-leg  j 
and  to  generate  the  common-mode  voltage  are  given  by  (2a)  and  (2b).  Substituting  for 
from  (6a),  from  (2a),  and  /circ.y  from  (6b)  in  (la),  the  upper-arm  phase-y  SM  capacitor 
voltages  are  deduced  as 


dv, 


dt 


^dc  ,  . 


circj 


+ 


c 


c 


SM 


SM 


1  -  mj  -  OTcm 


—  m 


circj 


M,, 


+ 


^1  —  rrij-  m^j  + 


2M„ 


sin  (oicmO 


(l  -mfj 

+ - - -  COS(2(:Ucm0 


(7) 


While  deriving  (7),  a  sufficiently  fast  closed-loop  circulating  current  controller  is  assumed, 

which  results  in  fcircj  =  fcirc,y,ref-  Additionally,  Wcirc.y  and  — — v^pj  are  considered  negligi- 

RpCsM 

ble  in  (7).  Considering  appropriate  phase  shifts,  similar  expressions  can  be  concluded  for 
capacitor  voltage  ripple  of  the  SMs  in  the  lower  ann  as  well.  As  shown  in  (7),  the  frequency 
spectrum  of  the  SM  capacitor  voltages  has  been  shifted  from  /.  to  and  since  fcm  »  fr, 
the  magnitude  of  the  voltage  ripple  is  reduced. 
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1.4.2  The  Proposed  Strategies 

The  proposed  control  strategies  to  reduce  the  SM  capacitor  voltage  ripple,  hereafter 
referred  to  as  the  proposed  strategies,  are  based  on  injecting  a  square-wave  common-mode 
voltage  whose  PWM  reference  waveform  is  expressed  by 


(9) 


The  circulating  current  is  derived  based  on  cancellation  of  low-frequency  components  in 
the  capacitor  voltage  ripple.  The  square-wave  common-mode  reference  waveform  in  (9) 
can  be  expressed  by  its  Fourier  series  expansion  as 


^rm  = 


Me. 


ifO  <  ^  < 


1- 


Mem  if  ■ 


1 


2/cr 


2/c 


<t<T 
cm  yen 


rUr 


A:=0 


7i{2k+\) 


sin  ((2/:+  IjcUcmO- 


(10) 


The  distinction  between  the  two  proposed  strategies  lies  in  the  circulating  current  used 
to  attenuate  the  low-frequency  components  of  the  capacitor  voltage  ripple  of  each  SM.  The 
circulating  currents  used  in  the  two  proposed  strategies  are: 


Strategy  1:  A  sinusoidal  circulating  current,  with  components  in  the  vicinity  of  the 
common-mode  frequency,  as  given  by 

sin(a;em0  + -  j.  (H) 

V  ;r  ■  ■  ^ 

Substituting  for  njem  from  (10),  nipj  from  (2a),  and  /cirej  from  (1 1)  in  (la)  result  in 


^circ,y  ~ 


1  -  m] 

T~ 

^c.xr\ 


dv, 


dt 


Q 


SM 


n 


8A/c.. 


(l  -  7?7y)  (l  -  sin(a7cm0 


+  ^(l  -  n7j)cos(2a7cm0 

(l  -ff72)sin(a7cn,0  sin((27t+  OtUemO 


k=\ 


Me, 


(l+my)£ 


2A:+  1 
sin((2/:+  OrUemO 


k=0 


{2k  +  1) 


(12) 


As  shown  by  (12),  the  frequency  spectnim  of  the  SM  capacitor  voltage  ripple  is 
shifted  to  the  vicinity  of  fem- 


Strategy  IL  A  sinusoidal  circulating  current,  with  components  in  the  vicinity  of  the 
common-mode  frequency  and  a  third  harmonic  of  the  common-mode  frequency,  as 
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Table  1:  Comparison  of  the  two  proposed  strategies  with  the  sine-wave  strategy 


Strategy 


^circ.y.pcak 


T~. — 

circ./.rms 


Strategy  1 

^^^(l  +  Vl  -0.5;rjcj 

Strategy  11 

Sine- Wave  Strategy  in  [15] 

2/cml,NMl  where  /cml.NMl  =  • 


nio 


4(1  +  VI  - 0.5;rjc) 

1 .874/c]nl,NM2  where  /cml,NM2  —  ' 


2/ciTil,stnc  where  /cm l, sine  ” 


4(1  -  m)(l  +  Vl  -  0.9;rjcj 

'o  _ 

(1  -m)(l  +  Vl  -2;c) 


^cml.NMl 

10  j 

9  ^cml.NM2 
/2 

cm  lysine 


given  by 


1  - 

{kx  sinC^/emO  +  h  sin(36/cm0) 

-Mr  ■ 

TT 


ma 


+ 


rj  ^dc 


(13) 


k\  and  k^,  in  (13)  are  determined  to  minimize  the  rms  value  of  /circ,y  and  to  attenuate 
the  low-frequency  components  of  the  SM  capacitor  voltage  ripple. 

Substituting  for  from  (10),  rripj  from  (2a),  and  Zeirej  from  (13)  in  (la)  results  in 
(8).  To  mitigate  the  low-frequency  components  of  the  SM  capacitor  voltage  ripple, 
the  last  term  in  (8)  should  be  enforced  to  zero,  i.e,, 


1-^1-J  =  0.  (14) 

Furthermore,  as  shown  by  (13),  to  minimize  the  nns  value  of  the  circulating  currents, 
^  needs  to  be  minimized.  Therefore,  the  coefficients  k\  and  ^3  are  determined 
by 


Minimize  (15) 

subject  to  A’l  +  Y  =  1 


Solving  (15)  gives  k\  =  0.9  and  k^  =  0.3,  which  results  in  shifting  the  frequency 
spectrum  of  the  SM  capacitor  voltage  ripple  to  vicinity  of  f^m,  under  low-frequency 
operation. 


1.4.3  Comparison  of  the  Proposed  Strategies  with  the  Sine-Wave  Strategy 

As  discussed  in  Section  1.2,  the  control  strategy  based  on  injecting  a  square-wave 
common-mode  voltage  and  circulating  current  [16],  may  raise  control  issues.  Therefore, 
the  performance  of  the  proposed  strategies  are  compared  against  the  sine-wave  strategy. 
Assuming  the  same  peak  value  for  the  common-mode  voltage  reference  used  in  the  two 
proposed  strategies  and  the  sine-wave  strategy  in  (6b),  (11)  and  (13),  the  peak  value  of  the 
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circulating  current  in  the  proposed  strategies  is  reduced  by  21,5%  and  33,8%,  respectively, 
when  compared  with  the  sine-wave  strategy.  The  squared  rms  value  of  the  circulating  cur¬ 
rent,  which  is  proportional  to  the  additional  conduction  losses  of  the  converter  caused  due  to 
the  presence  of  circulating  currents,  is  also  reduced  by  38%  and  44,2%,  respectively.  How¬ 
ever,  as  compared  to  Strategy  I,  Strategy  11  requires  a  higher  Wcircj,  which,  subsequently, 
limits  the  peak  value  of  the  common-mode  voltage  reference  Wcm,max‘  To  determine  the 
peak  value  of  the  common-mode  voltage  reference  signal  for  each  of  the  proposed  strate¬ 
gies,  the  following  condition  that  represents  the  range  of  the  upper-arm  phase-  j  reference 
signal,  nipj,  should  be  satisfied: 


0  <  nipj  <  1 

1  —  mi  —  nir 
>0  < - ^ 


^^^circ,y  —  1  • 


(16) 


Based  on  (16),  the  limits  of  common-mode  voltage  reference  signal  for  the  two  pro¬ 
posed  strategies  and  the  sine-wave  strategy  are  listed  in  Table  1,  The  corresponding  peak 
and  the  squared  nns  values  of  the  circulating  current  for  the  three  strategies  are  also  pro¬ 
vided  in  Table  1,  The  variable  x  in  Table  1  is  defined  as 


(17) 


Equation  16  along  with  the  limits  determined  in  Table  1  for  the  common-mode  voltage 
reference  signal,  help  prevent  over-modulation. 


1.5  Controller  Design  Methodology 


Figure  2:  Control  block  diagram  of  the  MMC. 

A  summary  of  the  MMC  control  in  MMC-based  adjustable-speed  PMSM  drive  systems 
with  either  of  the  proposed  strategies  or  the  sine-wave  strategy  is  provided  in  Figs.  2-3.  The 
control  of  MMC  comprises  the  motor  qd  current  control  along  with  the  circulating  current 
control.  The  corresponding  closed-loop  systems  are  shown  in  Figs.  4-5. 
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Figure  3:  Block  diagram  of  the  motor  qd  current  controller. 


Figure  4:  Block  diagram  of  the  closed-loop  motor  qd  current  control  system. 


Figure  5:  Block  diagram  of  the  closed-loop  circulating  current  control  system. 


The  PI  controller  parameters  of  the  motor  qd  current  controller  are  given  by 

\  ‘  ^,out  / 

_  (-^eq  + 

'■"  45L^eq  • 


(18a) 

(18b) 


The  aforementioned  PI  controller  parameters  are  designed  on  the  basis  of  the  closed-loop 
system  in  Fig.  4. 

The  settling  time  and  time  eonstant  of  the  elosed-loop  eireulating  eurrent  eontrol  system 
shown  in  Fig.  5  are  given  by 


5Ln 


T  = 

rnn  — 


Ro  +  Kp,  ’ 

Lq 

Rq  +  Kp\ 


(19a) 

(19b) 


Based  on  the  condition  that  the  elosed-loop  eireulating  eontrol  system  settles  much  faster 
than  the  elosed-loop  motor  qd  eurrent  eontrol  system  and  mueh  slower  than  the  current 
filter,  the  maximum  and  minimum  settling  times  are  defined  as 


^  _  tj,0Ut 

‘5,int,niax  “  ^  » 


(20a) 

(20b) 
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The  corresponding  proportional  controller  gains,  based  on  (20)  and  (19a),  are  given  by 


*5, out 

T" 

(21a) 

^'sMter 

(21b) 

To  prevent  the  attenuation  of  the  common-mode  frequency  components  in  the  circulating 
currents,  the  maximum  time  constant  of  the  closed-loop  circulating  current  control  system 
is  defined  as 

T  -  ' 

10x27r/en,* 

(22) 

The  corresponding  proportional  controller  gain,  based  on  (22)  and  (19b),  is 

—  Ifi  ^  —  Rq, 

(23) 

The  constraints  on  Kp\  are  given  by 

max  (A^^l  mirjj ,  ^p\  ^  '^/7l,max 

(24) 

The  controller  gains  of  the  motor  qd  current  and  circulating  current  control  systems  are 
designed  using  (18)  and  (24),  respectively. 

1.6  Closed-loop  System 

The  closed-loop  dynamics  of  the  system,  comprising  the  MMC-based  adjustable-speed 
drive  with  the  control  strategy  described  in  Sections  1 .4  and  1 .5,  is  provided  in  this  section. 
The  stability  of  this  closed-loop  system  is  proven  in  this  section  as  well. 

1.6.1  Closed-loop  System  Dynamics 

From  the  motor  qd  current  controller  block  diagram  in  Fig.  3,  the  fundamental  fre¬ 
quency  component  of  the  PWM  reference  waveforms  of  the  ac-side  phase  voltages  are 
given  by 

^abc  ~ 


x  = 


15 


r  ■  ^ 

l,^a6c,ref  ^abc) 

^dc 


+ 


'  f  r  (i^hcjef  -  iabc)  df 

^dc  J 


20JrLcq  ^  ^  2 

V3Fde  ^dc 


( 0  -1  n 
1  0  -1 
-1  1  0 


(25a) 

(25b) 


Based  on  the  circulating  current  controller,  the  modulation  indices  in  the  abc  domain  to 
control  the  circulating  currents,  are  given  by 


^Q\xc,abc  ~  (^circ,a 


^^circ,6  ^circ 


.4’ 


K, 


pi 

^dc 


(lcirc,fl/>c,ref  lcirc,i76c)  • 


(26) 


Expanding  the  dynamic  model  of  MMC  from  (3)  to  all  the  phases,  substituting  for 

mabc  from  (25)  and  nicirc,a6c  from  (26),  linearizing  the  resulting  system  about  its  oper- 

2Va 

ating/reference  point  (i^icref,  icirc,a6c,ref,  ^\abc,op  =  ^c,aAc,op  =  0)  by  neglecting  the 

higher-order  terms  in  the  Taylor  series  expansion,  and  removing  the  stationary  ripples  re¬ 
sults  in  the  following  state-space  equation 


where 


d\ 

—  =  A{t)x{t)  +  d(/,  x), 


A{t)  = 


A3  0  A4  As^ 
0  As  Ay  Ajt, 

A]o  A]]  A]2  0 

^A]4  A]3  0  A\sJ 


d(/,  x)  (aJ  0  Aj  J  Tdiabcdt, 


(27a) 

(27b) 

(27c) 


d^abc  ~  ^abc  la6c,ref) 
dicirc,abc  ~  icirc,oAc'  ~  lcirc,oAc,ref> 
2Fdc, 


d'^c^bc  =  '^c,abc  - 
d'^c,abc  ~  '^c,abc’ 


N 


-1, 


=  {Si 


abc  ^^circ,abc  ^^c,abc 


XT 


^^c,abc)  ’ 


A2  =  T-'^, 

^eq 


A3-- 

A4  = 


{Kp  +  7?eq) 


'eq 


4 

NcJr 

2^5  Vi, 

N 


+ 


2  FdcZ-eq 


I3  +  ^x, 

V3 


diag((Xl„flc,reff) 


-diag(e^frj, 


,  Nm,^ 

T — TT — h 


4L 


eq 


(28a) 

(28b) 

(28c) 

(28d) 

(28e) 

(28f) 

(28g) 


(28h) 
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^5  -  ~~ — h>-^6  - ; - 


4L 


■eq 


N  leq 

A-,  =  -—h,As=A,-P; 


Aq  — 


A\o  = 


4Lo 

^dcCsM 

1 

^dcCsM 

^r-^eq 


diag(iL,ref)2"“', 

(diag^P  (iL.ref)  -  diag(ej* J) 


1C 


SM 


(diag((Al^te,ref)'^)  +  diag(iJi^  , 

A  ^  A  1  1  •  /.T  \  ^dc 

^  ^  ^  ^  y  C'  ^  circ,a6c,ref ) 

h, 


'^^dcCsM 

CsM  ^dcCsM 
^12  =  A\e  =  - 

2Ki 


3V,rC 


h. 


dc^SM 


^p^SM 


An  = 


^14  “ 


Kdc^SM 

1 


-A  + 


SM 


(,j  ,  ^dc^T\ 


2Q 

IcOrL^  /  .j, 

-diag  i,i 


V3FdeC; 


SM 


circ,a6c,ref 


A\5  - 


p\ 


^dcCsM 


2 

^^^§(^a6c,ref)  “  y  p  ^^^§(^^60)  "" 


nin 


2ci)  yLlQ(^ 

V3  ^dcCsM 


^dc^SM 
-diag((A"i«ic,ref)^), 


c, 


SM 


(28i) 

(28j) 

(28k) 

(281) 

(28m) 

(28n) 

(28o) 

(28p) 

(28q) 


O  represents  the  Hadamard  produet,  and  1  =  (l  1  l)^.  Equations  (27)  and  (28)  represent 

the  linearized  elosed-loop  dynamies  of  the  MMC-based  adjustable-speed  drive  system  with 
the  eontrol  strategy  deseribed  in  Section  1 .5.  The  system  described  in  (27)  and  (28)  is  a  non- 
autonomous  system  and  its  stability,  based  on  Lyapunov  analysis  of  singularly  perturbed 
non-linear  non-autonomous  systems  [25],  is  proven  in  the  next  section. 


1.6.2  Stability  Analysis  of  the  Closed-loop  System 
The  system  described  by  (27)  and  (28)  is  re-written  as 

d\\ 

—  =  Ar{t)\x  +  di(t,Xi,X2), 

d'>^2 

H—  =AiX2  +  d2(;,X,,//), 


(29a) 

(29b) 
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where 


= 


1 


^pCsM  f^p\  +  Rn' 


6y 


XT 


i^^abc  '^'^C.abc 

^2  “  ^^cixc, abcf 


^^c^abc)  ’ 


Ab  =  - 


K„ 


^p^SM^o 

(A,  A,  A,\ 


Ar(0  = 


A]o  A\2  0 

^^14  0  A\sj 

d2(/,x,,//)  =  (o  i^Aj  luAsjxu 


di  (/,  xi ,  X2)  =  (0  yi|,  Aj^j^  X2 


+ 


(aJ  A^  AlfJ  T5i,bcdt. 


(30a) 

(30b) 

(30c) 

(30d) 

(30e) 
(3  Of) 


(30g) 


K  R 

Based  on  (18a),  (21a),  and  (24),  — '  — -  is  large.  Additionally,  R  j^CsM  is  very  large  due 

Rp 

to  the  large  resistor  Rp  typically  used  in  the  voltage  sensing  circuit.  Consequently,  based 
on  (30a),  >  0.  That  is,  the  system  in  (29)  and  (30)  can  be  considered  as  a  combination 

of  a  reduced-order  system  and  a  boundary-layer  system  as  0. 

Substituting  //  =  0  in  (29b)  results  in 


^AX2  =  0  =>  X2  =  0.  (31) 

The  solution  of  X2  in  (29b)  with  //  =  0  is  given  by  (31).  Substituting  X2  from  (31)  in 
(29a)  results  in  a  reduced-order  system  for  the  system  described  by  (29)  and  (30),  which  is 
given  by 


dx\ 

—  =  Arit)Xx  +  d,,„(t,x,), 
d,,„(t,x,)-(^J  Al  f  T6x,tcdt 


(32a) 

(32b) 


A  “fast  time”  t  =  -  and  a  boundary-layer  state  Xi(T)  =  XiiRT)  -  X2(0  are  defined. 
Then,  the  boundary-layer  system  for  the  system  described  by  (29)  and  (30)  is  given  by 


dxb 

dr 


=  AbXb  +  d2(t,xi,0) 


Kn 


^dCsmA 


■Xb. 


(33) 
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The  boundary-layer  system  given  by  (33)  is  exponentially  stable,  uniformly  for  any  (t,Xi), 


with  the  eigen-value  of  - 


K, 


of  algebraic  multiplicity  3. 


The  reduced-order  system  described  by  (32)  can  be  re-written  as 
d\\,\ 


where 


A'r 


dt 

d\\.2 

dt 


=  A.rXi.i  +  di,i(t,Xi,2), 

=  A,i.(^)Ui)Xi,2  +  di,2(/,Xi,i,X,,2,/il), 


(34a) 

(34b) 


= 


RpC^uKp 

Xl.l  =  KJbc)^  , 

Xl,2  =  d\abc, 

1 


Ar,r  = 


Rp^StA 

0 

1 


h 


0 

1 


Rp^SM  J 


Ar,b(t,/ili)  = 


RpCsM 


+  ld\R. 


eq 


L 


eq 


COr 

h+^l^^X, 

V3 


(35a) 

(35b) 

(35c) 

(35d) 


(35e) 


dl,l(^Xi,2)  =  (^lo  A]^f 

+  [aI  f  Txj,2dt,  (35f) 

dl,2(^  Xi_i,  Xi,2,A^i)  = 

+  M1A2J  Txi,2dt.  (35g) 

Since  K^RpCsM  is  large  due  to  the  large  Rp  as  explained  earlier,  /ui  -4  0.  As  /ii  0,  the 
system  described  by  (34)  and  (35)  can  be  considered  as  a  combination  of  a  reduced-order 
system  and  a  boundary-layer  system. 

Substituting /Ti  =  0  in  (34b)  results  in 


^r,i.(^0)x,,2  =  0^Xi,2=0  (36) 

The  solution  ofxj  2  in  (34b)  with/ri  =  0  is  given  by  (36).  Substituting  x  1,2  from  (36)  in 
(34a)  results  in  the  reduced-order  system  for  the  system  described  by  (34)  and  (35)  and  is 
given  by 

dxi  1 

-^=ArXu-  (37) 
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The  reduced-order  system  given  by  (37),  (35b),  and  (35d),  is  exponentially  stable  with  the 
eigen-value  of-—— —  of  algebraic  multiplicity  6. 

Furthermore,  define  another  “fast  time”  t,  =  —  and  let  Xi,i(Ti)  =  Xi,2(/iiTi)  =  Xi,2(0- 

1 

Then,  the  boundary-layer  system  for  the  system  described  by  (34)  and  (35)  is  given  by 

dX]  t 

=  Ar,b(t,  0)Xi,i  +  di,2(t,  Xi,i,  X,,i,  0) 


1 

■^pCsM^eq 


(38) 


The  system  described  by  (38)  is  exponentially  stable,  uniformly  for  any  (t,X]j),  with  the 

eigen-value  of-—— — - —  of  algebraic  multiplicity  of  3. 

Based  on  the  aforementioned  results,  the  following  statements  are  tme  for  the  system 
described  by  (34)  and  (35): 


1.  The  origin  of  the  reduced-order  system  given  by  (37),  (35b)  and  (35d)  is  exponen¬ 
tially  stable. 


2.  The  origin  of  the  boundary-layer  system  given  by  (38)  is  exponentially  stable,  uni¬ 
formly  for  any  (t,xi_i). 

Then,  by  Theorem  1 1 .4  in  [25]  for  singularly  perturbed  systems,  the  origin  of  the  system 
described  by  (34)  and  (35)  is  exponentially  stable,  for  small  That  is,  the  origin  of  the 
reduced-order  system  for  the  system  described  by  (29)  and  (30)  is  exponentially  stable,  for 
small  ju\. 

Summarizing  the  results  for  the  system  described  by  (29)  and  (30),  the  following  state¬ 
ments  can  be  concluded: 


1 .  The  origin  of  the  reduced-order  system  given  by  (34)  and  (35)  is  exponentially  stable. 

2.  The  origin  of  the  boundary-layer  system  given  by  (33)  is  exponentially  stable,  uni¬ 
formly  for  any  (t,Xi). 

Therefore,  by  Theorem  11.4  in  [25]  for  singularly  perturbed  systems,  the  origin  of  the 
system  described  by  (29)  and  (30)  is  exponentially  stable,  for  small  /r  and  /ri .  Consequently, 
the  proof  of  stability  of  the  closed-loop  system  comprising  the  MMC-based  adjustable- 
speed  drive  with  the  control  strategy  described  in  Section  1.4  and  1.5,  is  concluded. 


1. 7  Experimental  Results 

The  experimental  results  on  a  laboratory-scale  MMC  system  for  the  following  case 
studies  are  demonstrated  in  this  section:  (i)  startup,  (ii)  step  change  in  torque,  and  (ii) 
steady  state.  The  aforementioned  experimental  case  studies  provide  support  to  the  theo¬ 
retical  proof  of  stability  of  the  proposed  control  strategies  and  their  design  methodology, 
and  verify  the  superior  perfonnance  of  the  proposed  strategies  over  the  sine-wave  strat¬ 
egy.  The  parameters  of  the  PMSM  load  and  the  MMC  system  are  listed  in  Tables  2  and  3, 
respectively. 
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Table  2:  PMSM  Parameters 


Quantity 

Value 

Rated  power 

2kVA 

Rated  voltage  (line-to-line) 

109  V 

Rated  electrical  frequency  fy 

120  Hz 

^load 

0.22 

^load 

6.03  mH 

Number  of  poles  pairs  (P/2) 

2 

Table  3:  MMC  Parameters 


Quantity 

Value 

Nominal  power 

lOkVA 

Lo 

2.2  mH 

Ro 

88.88  mQ 

Nominal  net  dc  voltage  V^c 

200  V 

SM  capacitance  Csm 

1.41  mF 

Number  of  SMs  per  arm  N 

4 

IGBT  voltage  drop 

1.5  V 

IGBT  resistance 

22.2  mQ 

Diode  voltage  drop 

1.25  V 

Diode  resistance 

7ma 

Carrier  frequency  fc 

3.6  kHz 

Sampling  time  fs  =  — 

Us. 

18  kHz 

1.7.1  Startup  Operation 


- 

i — i  —i 

!  fui  M,cl 
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Figure  6:  MMC  experimental  waveforms  for  Strategy  I  during  startup:  (a)  phase-a  SM 
capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 


The  startup  of  the  PMSM  involves  the  acceleration  of  the  PMSM  from  zero  to  240  rpm 
with  motor  qd  current  references  of  =  2.12  A  and  =  0  A.  The  startup  process  is 
performed  based  on  both  of  the  proposed  strategies  with  fem  =  90  Hz. 
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(c) 


Figure  7;  MMC  experimental  wavefonns  for  Strategy  II  during  startup:  (a)  phase-cr  SM 
capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 

The  experimental  results  of  the  MMC  system  during  the  startup  of  PMSM  using  Strate¬ 
gies  I  and  II  are  shown  in  Figs.  6  and  7,  respectively.  The  startup  of  PMSM  with  Strategies 
I  and  II  is  initiated  at  ?  =  1.8  s  and  t  =  2.4  s,  respectively.  The  capacitor  voltages  of  two 
SMs,  one  in  the  upper  arm  and  one  in  the  lower  arm  of  phase-a,  are  shown  in  Figs.  6(a)  and 
7(a).  As  shown  in  Figs.  6(a)  and  7(a),  the  peak-to-peak  ripple  of  the  SM  capacitor  voltages 
during  the  startup  process  using  Strategies  I  and  II  is  maintained  within  10  V  and  13  V, 
respectively.  The  phase-a  arm  currents  during  the  startup  process  are  shown  in  Figs.  6(b) 
and  7(b).  In  addition  to  the  low-frequency  ac-side  motor  current,  a  high-frequency  circu¬ 
lating  current  is  observed  in  the  arm  currents  during  the  stratup  process.  The  ac-side  motor 
currents  during  the  startup  process  are  shown  in  Figs.  6(c)  and  7(c). 

1.7.2  Step  Change  in  Torque 

A  step  change  in  the  torque  reference  is  equivalent  to  a  step  change  in  [27].  For 
a  change  in  /^  ref  from  2.82  A  to  1.41  A  and  with  i^ref  =  0  A,  the  experimental  results  of 
the  MMC  system  operating  with  both  of  the  proposed  strategies  and  using  =  90  Hz  are 
shown  and  explained  in  this  section. 

The  experimental  results  of  the  MMC  system  with  a  step  change  in  the  torque  reference 
of  the  PMSM  are  shown  in  Figs.  8  and  9,  respectively.  At  t  =  2.4  s,  the  machine  torque 
is  stepped  up  from  1  Nm  to  0.5  Nm.  The  capacitor  voltage  of  two  SMs,  one  in  the  upper 
arm  and  one  in  the  lower  arm  of  phase-a,  subsequent  to  the  step  change  in  the  torque  are 
shown  in  Figs.  8(a)  and  9(a).  As  shown  in  Figs.  8(a)  and  9(a),  subsequent  to  the  transience 
associated  with  the  step  change  in  the  torque,  the  peak-to-peak  ripple  of  the  SM  capacitor 
voltages  is  well  maintained.  The  phase-a  arm  currents  during  the  step  change  in  the  torque 
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Figure  8:  MMC  experimental  waveforms  for  Strategy  I  during  step  change  in  the  torque: 
(a)  phase-a  SM  capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 


(c) 

Figure  9:  MMC  experimental  waveforms  for  Strategy  II  during  step  change  in  the  torque: 
(a)  phase-a  SM  capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 


are  shown  in  Figs.  8(b)  and  9(b).  The  ac-side  motor  currents  subsequent  to  the  step  change 
in  the  torque  are  shown  in  Figs.  8(c)  and  9(c). 
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1.7.3  Steady-state 


The  experimental  results  of  the  MMC  system  driving  the  PMSM  at  240  rpm  speed  and 
with  a  peak  ac-side  current  of  !„  =  4.24  A  using  the  sine-wave  strategy,  and  the  proposed 
Strategies  I  and  II  are  shown  in  Figs.  10  to  12,  respectively.  The  common-mode  frequency 
used  in  all  the  strategies  is  /c,^  =  30  Hz.  The  capacitor  voltage  of  two  SMs,  one  in  the  upper 
arm  and  one  in  the  lower  arm  of  phase-a,  for  the  three  strategies  are  shown  in  Figs.  10(a) 
to  12(a).  As  shown  in  Figs.  10(a)  to  12(a),  the  peak-to-peak  ripple  of  the  SM  capacitor 
voltages  for  the  sine-wave  strategy,  and  Strategies  I  and  II  is  maintained  within  22  V,  19  V, 
and  16  V,  respectively.  The  phase-a  arm  currents  are  shown  in  Figs.  10(b)  to  12(b).  As 
shown  in  Figs.  10(b)  to  12(b),  the  peak  value  of  the  ami  current  for  the  sine-wave  strategy, 
and  Strategies  I  and  II  are  10  A,  7.5  A,  and  6  A,  respectively.  The  ac-side  currents  for  the 
three  strategies  are  shown  in  Figs.  10(c)  to  12(c).  The  experimental  results  highlight  the 
superior  performance  of  the  proposed  strategies  over  the  sine-wave  strategy,  in  terms  of  the 
peak-to-peak  ripple  of  the  SM  capacitor  voltage  and  the  peak  value  of  the  arm  current. 


Time  (s) 

(C) 

Figure  10:  MMC  experimental  waveforms  for  the  sine-wave  strategy  in  steady-state:  (a) 
phase-(3  SM  capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 
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Figure  1 1 :  MMC  experimental  waveforms  for  Strategy  I  in  steady-state:  (a)  phase-a  SM 
capacitor  voltages,  (b)  phase-a  arm  cuments,  and  (c)  ac-side  currents. 
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Figure  12:  MMC  experimental  waveforms  for  Strategy  II  in  steady-state:  (a)  phase-a  SM 
capacitor  voltages,  (b)  phase-a  arm  currents,  and  (c)  ac-side  currents. 
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CHAPTER  II 


CONTROL  OF  THE  DC-DC  MMC 


2. 1  Mathematical  Modeling  of  the  DC  MMC 

2.1.1  Basics  of  Operation 

The  circuit  diagram  of  an  M-phase-leg  DC  MMC  is  shown  in  Fig.  13  in  which  the  DC- 
link  2  voltage  Vdc2  is  greater  than  the  DC-link  1  voltage  Vdci-  The  DC  MMC  consists  of  two 
arms  per  phase-leg,  i.e.,  an  upper  arm  (represented  by  superscript  “jc”)  and  a  lower  arm 
(represented  by  superscript  “n”).  Each  arm  consists  of  series  connection  of  N  nominally 
identical  half-bridge  SMs  and  an  arm  inductor  /.  The  output  terminal/mid-point  of  each 
phase-leg  is  connected  to  the  converter  DC-link  1  terminal  via  a  phase  filtering  inductor  L. 

Each  SM  of  the  DC  MMC  of  Fig.  13  can  provide  two  voltage  levels  at  its  terminal, 
i.e.,  zero  or  x  e  [p,ny,  i  e  (1,2,  ...,A};  j  e  {1, 2, ...,  A/],  depending  on  the  states  of  its 
complementary  switches  S^nj  and  S^ij-  Ideally,  the  average  value  of  each  SM  capacitor 
voltage  is  maintained  at  ViaIN-  The  two  switching  states  of  SM-/  in  arm-x  of  phase-/  are: 

•  ^ xnj  =  1  and  S =  0^  ON-state  or  inserted, 

•  =  0  and  S =  1;  OFF-state  or  bypassed. 

The  number  of  phase-legs  of  the  DC  MMC  should  be  chosen  based  on  the  power  rating 
requirement.  For  high-power  applications,  multiple  phase-legs  are  required  to  increase  the 
power  rating  of  the  converter.  For  the  case  of  M  =  1,  a  series  LC  filter  is  inserted  to 
establish  a  path  for  the  AC  circulating  current  [28].  For  the  case  of  M  >  1,  the  phase-legs 
operate  in  an  interleaved  manner,  i.e.,  the  gating  signals  among  phase-legs  are  identical 
with  a  phase  shift  of 

The  voltage  of  each  arm  of  the  DC  MMC,  i.e.,  x  e  [p,n};  j  e  (1,2,  ...,Af],  is 
controlled  by  the  number  of  inserted  SMs.  During  normal  operation,  the  voltage  of  each 
arm  consists  of  a  DC  as  well  as  an  AC  component.  The  lower  arm  DC  voltage  component 
is  determined  by  Vdci  while  the  upper  arm  DC  voltage  component  is  determined  by  the  ratio 
of  Vdci/vdc2-  The  AC  voltage  component,  on  the  other  hand,  is  controlled  to  drive  an  AC 
circulating  current  component  within  each  phase-leg,  exchanging  active  AC  power  between 
the  upper  and  lower  arms  of  the  corresponding  phase-leg. 

For  proper  operation  of  the  converter,  the  following  constraints  must  be  satisfied:  (i)  the 
half-bridge  SM  can  only  insert  a  positive  voltage  in  the  ON-state,  thus  the  instantaneous 
arm  voltage  must  be  greater  than  zero,  and  (ii)  the  maximum  instantaneous  arm  voltage 
must  be  smaller  than  the  DC-link  2  voltage.  Therefore,  the  maximum  amplitudes  of  the 
AC  component  of  the  upper  and  lower  arm  voltages  are  determined  by: 

\^zrm  ,aclmax  ~  (Vdc2  -  <rm,dc)]’  (39) 
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Figure  13:  Circuit  diagram  of  an  M-phase-leg  DC  MMC. 

I^m.aclmax  —  Mill[^arm,dc’  (^dc2  ~  ^arm,dc)]'  (^O) 

2.1.2  Phasor-domain  Steady-state  Model 

To  develop  a  mathematical  model  of  the  DC  MMC,  the  following  assumptions  are 
made; 

1.  The  number  of  SMs  per  arm  is  assumed  to  be  considerably  large.  Based  on  this 
assumption,  the  arm  voltages  can  be  represented  by  ideal  voltage  sources; 

2.  The  converter  components  are  ideal  and  lossless,  i.e.,  Pin  =  Pouti 

3 .  A  proper  capacitor  voltage  balancing  strategy  is  adopted  to  maintain  the  SM  capacitor 
voltages  balanced  at  their  nominal  values,  i.e.,  Vdc2/2/. 

In  deriving  the  steady  state  model  of  the  converter,  for  the  sake  of  simplicity,  only 
one  phase-leg  is  considered.  Nevertheless,  the  mathematical  model  of  one  phase-leg  can 
be  extended  to  the  case  of  an  M-phase-leg  DC  MMC.  Fig.  14  shows  the  corresponding 
equivalent  circuit  of  a  single  phase-leg  of  the  DC  MMC,  where  iP  .  and  ,,  represent 
the  DC  and  AC  components  of  the  arm  voltage,  respectively,  and  represent  the 
DC  and  AC  components  of  the  arm  current,  respectively,  represents  the  DC  component 
of  the  phase  current,  and  fo,ac  represents  the  AC  component  of  the  phase  current,  which 
should  be  ideally  equal  to  zero.  The  cascaded  SMs  within  each  arm  are  represented  by 
ideal  controllable  voltage  sources.  Since  the  converter  consists  of  M  identical  phase-legs, 
the  rated  DC  power  is  equally  shared  among  the  phase-legs. 
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Figure  14:  Equivalent  circuit  of  one  phase-leg  of  the  DC  MMC. 


Based  on  the  superposition  principle,  the  converter  phase-leg  equivalent  circuit  can  be 
decomposed  into  DC  and  AC  sub-circuits.  To  derive  the  DC  equations,  a  DC  equivalent 
circuit  of  a  single  phase-leg  is  obtained  and  shown  in  Fig.  15.  Based  on  the  assumption  of 
a  lossless  conversion,  the  DC  components  of  the  upper  and  lower  arm  voltages  and  currents 
can  be  represented  by: 


V?. 


arm,dc 


“  ^dc2  ^dcl  5 


(41) 


V 


arm,dc  I  ? 


(42) 


.p  _  ^'dc2 

^arm.dc  ~  ’ 


(43) 


.„  _  fdc2  _  ,, 

'arm,dc  ~  ,.fC.  D- 


M  Vdcl 


The  upper  and  lower  arm  DC  power  can  be  represented  by: 


pp 

arm,dc 


=  (—  - 1)^, 

Vdc2  M 


^  arm,dc  ^arm,dc’ 


(44) 


(45a) 

(45b) 


where  P  is  the  output  power  and  is  considered  positive  when  power  flows  from  the  DC-link 
1  to  DC-link  2. 

Based  on  the  superposition,  the  upper  and  lower  arm  AC  equivalent  circuits  of  one 
phase-leg  are  shown  in  Figs.  16(a)  and  (b),  respectively.  In  the  AC  analysis  presented  in 
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Figure  15;  DC  equivalent  circuit  of  one  phase-leg  of  the  DC  MMC. 


(a)  (b) 

Figure  16:  AC  equivalent  circuit  of:  (a)  the  upper  arm  and  (b)  the  lower  arm. 


this  paper,  all  voltages/currents  are  represented  with  respect  to  the  lower  arm  voltage  AC 
component.  Since  both  DC-link  1  and  DC-link  2  terminals  of  the  converter  do  not  carry 
any  AC  component  under  nonnal  operation,  for  the  AC  analysis,  they  can  be  represented 
as  short  circuits.  Based  on  the  equivalent  circuits  of  Figs.  16(a)  and  (b),  the  following 
equations  are  derived  for  the  arm  current  and  phase  current  AC  components: 


‘'arm.ac  ^  Xi+Xl  ^arm.ac 


y(^/+ 


4-  — — yP 

^ arm,ac  ’  Xi -f- A/,  arm,ac 


-  Ay  ^rm,ac  ^rm,ac 

^o,ac  “  (  )  Yy  5  (48) 

i»+S) 

where  A/  is  the  arm  inductive  reactance,  Xi  is  the  phase  inductive  reactance. 

The  arm  AC  active  power  can  be  calculated  by; 

■^arm.ac  “  ^®(^arm,ac  4rm,ac)  ’  (‘^9) 

where  represents  the  complex  conjugate  of  the  upper  and  lower  arm  current  AC  com¬ 
ponents.  By  substituting  I^nTi,ac  from  (46)  and  from  (47)  into  (49),  the  arm  AC  active 
power  are  represented  by  the  following  equations: 

-^arm.ac  ~  t  v2  <  n  v  V  \l^''m,acll^arm,acl‘^^^(')^)’ 

{Aj  +  IXiXl) 

^  arm,ac  ^  arm,ac  ? 
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(50a) 

(50b) 


where  (p  represents  the  phase  angle  of  the  upper  arm  voltage  AC  component  with  respect  to 
lower  arm  voltage  AC  component. 

Under  steady  state  conditions,  to  maintain  the  average  voltages  of  the  SM  capacitors 
at  their  nominal  value,  the  sum  of  DC  and  AC  active  powers  of  each  arm  should  be  equal 
to  zero.  By  equating  the  arm  DC  and  AC  active  powers,  the  power  balance  constraint  is 
represented  as: 


Add  _  ^  Xi 

>dc2  M  {X]  +  lX,Xi) 


|i^rm,acll 


arm,acM  *^arm,ac 


(51) 


2.2  Converter  Design  and  Component  Sizing 

The  objective  of  the  component  sizing  is  to  minimize  the  total  power  losses  while  satis¬ 
fying  a  set  of  given  design  constraints.  The  design  constraints  include  the  magnitude  of  the 
SM  capacitor  voltages  ripple,  total  semiconductor  power  losses,  and  the  amplitude  of  the 
AC  component  of  the  phase  current.  The  semiconductor  power  losses,  i.e.,  conduction  and 
switching,  mainly  depend  on  the  magnitude  of  the  arm  current  [29].  Since  the  DC  com¬ 
ponent  of  the  arm  current  is  determined  by  the  operating  conditions,  the  main  design  goal 
is  to  minimize  the  magnitude  of  the  AC  component  of  the  arm  current.  For  this  purpose, 
sizing  of  the  arm  and  phase  filtering  inductors  as  well  as  the  SM  capacitor  are  discussed 
in  this  section.  In  addition  to  the  component  sizing,  selection  of  the  operating  frequency 
of  the  converter  is  also  explained.  In  the  following  subsections,  the  operating  conditions  in 
Table  4  in  Section  2.3.3  are  used  to  demonstrate  the  design  process. 


2.2.1  Arm  Inductive  Reactance 

To  size  the  arm  inductive  reactance,  a  simplified  model  is  derived  and  used  by  assuming 
that  the  phase  filtering  inductive  reactance  is  much  larger  than  the  arm  inductive  reactance 
{Xi  »  Xi).  Consequently,  (46),  (47),  and  (51)  are  simplified  to: 

2jXi  ^rm,ac)’  (52) 

~  "  -^l'^rm,acl|v^rm.acl‘y'«(<^)-  (53) 

In  the  DC-AC  MMC  used  in  HVDC  applications,  the  arm  reactance  serves  two  main 
functions:  (i)  attenuating  the  high-frequency  components  of  the  circulating  current  and 
(ii)  limiting  the  DC-side  short-circuit  fault  current.  In  contrast,  in  the  DC  MMC,  the  AC 
circulating  current  is  required  to  exchange  active  power  between  the  upper  and  lower  arm 
of  each  phase-leg,  whereby  power  balance  can  be  maintained  within  each  phase-leg.  As 
a  result,  the  magnitude  of  the  circulating  current  is  controlled  to  maintain  the  SM  power 
balance  and  does  not  need  to  be  suppressed  by  passive  components.  In  the  DC  MMC, 
the  arm  inductor  acts  only  as  a  line  impedance  such  that  the  voltage  across  the  inductor 
generates  an  AC  component  for  the  arm  current. 
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Figure  17:  Arm  AC  current  amplitude  versus  arm  voltage  phase  shifting  angle. 

Once  the  DC-link  1  voltage,  DC-link  2  voltage,  and  rated  power  are  given,  the  ampli¬ 
tude  of  the  arm  current  AC  component  can  be  solved  for  various  phase  shifting  angle  by 
(52)  and  (53).  The  amplitude  of  the  ami  AC  current  versus  (p  for  different  arm  inductive 
reactance  is  plotted  in  Fig.  17.  Once  the  arm  inductance  is  selected,  the  amplitude  of 
arm  current  AC  component  moves  along  one  unique  curve  shown  in  Fig.  1 7  as  the  phase 
shifting  angle  changes  from  njl  to  n.  As  the  phase  shifting  angle  approaches  n,  the  am¬ 
plitude  of  the  arm  AC  current  component  reaches  a  minimum.  To  minimize  the  converter 
losses,  the  arm  AC  current  amplitude  should  be  minimized  by  controlling  the  phase  shift¬ 
ing  angle  and  corresponding  arm  AC  voltage  amplitude.  Based  on  Fig.  17,  the  size  of  arm 
inductance  does  not  affect  the  minimum  achievable  arm  current  AC  component  amplitude. 
However,  as  the  arm  inductance  decreases,  the  rate  of  change  of  the  arm  current  AC  com¬ 
ponent  amplitude  with  respect  to  the  phase  shifting  angle  increases  when  the  arm  current 
AC  component  amplitude  approaches  the  minimum  value.  As  a  result,  a  sufficiently  large 
reactance  should  be  selected  to  ensure  that  the  controller  converge  to  the  minimum  AC 
current.  Selection  of  the  arm  inductance  value  depends  on  the  controller  type/design. 

2.2.2  Phase  Filtering  Inductive  Reactance 

For  proper  operation  and  minimized  power  losses  of  the  DC  MMC,  the  AC  component 
of  the  output  phase  current  should  be  negligible.  This  necessitates  a  large  phase  filtering 
inductive  reactance,  which  for  high  power/voltage  applications,  adds  to  the  system  cost  and 
complexity.  Therefore,  it  is  of  interest  to  determine  the  minimum  phase  filtering  inductive 
reactance  that  satisfies  the  constraint  on  the  amplitude  of  AC  current  component  of  the 
phase  current.  The  amplitude  of  the  phase  AC  current  can  be  determined  by  solving  (48) 
for  various  phase  filtering  inductive  reactances.  Fig.  18  shows  the  amplitude  of  the  AC 
component  of  the  phase  current  versus  the  phase  filtering  inductive  reactance.  As  the  phase 
inductive  reactance  increases,  the  current  amplitude  decreases.  However,  the  rate  of  change 
of  the  phase  current  AC  component  is  reduced  as  the  phase  inductance  increases,  which 
means  the  marginal  cost  of  reducing  the  phase  current  AC  component  is  increased.  A 
minimum  phase  inductance  can  be  identified  to  keep  the  phase  current  amplitude  below  a 
certain  value  given  as  a  design  constraint. 
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Figure  18;  Phase  AC  current  amplitude  versus  phase  filtering  inductive  reactance. 


2.2.3  SM  Capacitive  Reactance 

The  SM  capacitive  reactance  is  detenuined  based  on  the  magnitude  of  its  voltage  ripple. 
A  smaller  capacitive  reactance  leads  to  a  lower  SM  voltage  ripple  amplitude  but  higher 
cost.  The  design  objective  for  the  SM  capacitive  reactance  is  to  identify  the  maximum  SM 
reactance  that  satisfies  the  SM  capacitor  voltage  ripple  constraint. 

The  dynamic  of  the  sum  of  the  SM  capacitor  voltages  can  be  expressed  by  [30]  : 


dv^^’”  _  N 
dt  CVdc2 


(54) 


where  C  is  the  SM  capacitance  and  v^^’”  is  the  sum  of  SM  capacitor  voltages  of  the  upper 
or  lower  arm.  The  sum  of  the  SM  capacitor  voltages  is  given  by: 


nominal  , 


(55) 


where  vc, nominal  represents  the  nominal  value  of  the  SM  capacitor  voltage  and  Av^’”  repre¬ 
sents  the  ripple  component  of  the  SM  capacitor  voltage  of  the  upper  or  lower  arm. 

The  arm  voltages  can  be  expressed  by: 


^rm  (^dc2  ^dcl)  ^pCOS^OJt  +  0), 


(56) 


Vilrm  ==  ■^dcl  +  K,  COs(6Ut),  (57) 

where  Fp  and  represent  the  amplitude  of  the  AC  component  of  the  upper  and  lower  arms, 
respectively,  and  o)  represents  the  converter  operating  frequency. 

The  arm  currents  can  be  expressed  by: 

^arm  ~  +  fp  COS{pJt  +  0p),  (58) 


^dc2  y^dc2  r  /  7  \ 

=  — ( - l)  +  4cos(a;/  +  0„), 

M  Vdcl 


(59) 


32 


B 


Figure  19:  The  normalized  magnitude  of  the  SM  capacitor  voltage  ripple  versus  the  SM 
capacitive  reactance. 


where  cpp  and  represent  the  phase  angle  of  the  AC  component  of  the  upper  and  lower 
ann  currents  with  respect  to  the  lower  ann  voltage,  respectively,  and  Ip  and  /„  represent  the 
amplitude  of  the  upper  and  lower  arm  current  AC  component,  respectively. 

Substituting  for  and  /arm,ac  from  (56)“(59)  to  (54)  and  integrating  both  sides  of  the 
results,  the  SM  capacitor  voltage  ripple  component  can  be  expressed  by: 

Av^  =  (1  ^  sin(cu/  +  ^p)- 

Vdc2  ojC 


Fi,/dc2 

Vdi  Mvi^iOjC 


sin(cu/)  + 


I„V„ 


:  sin(2cu/ +  0„).  (61) 


4Fdc2njC 

As  shown  in  (60)  and  (61),  the  capacitor  voltages  of  the  SMs  in  the  upper  and  lower 
arms  contain  one  fundamental  component  term  as  well  as  a  second-order  harmonic  term. 
The  amplitude  of  the  fundamental  term  depends  upon  the  ratio  of  the  input  and  output 
DC-link  voltages.  The  SM  capacitor  voltages  in  the  upper  and  lower  arms  have  the  same 
ripple  magnitude  only  if  the  ratio  of  Vdd  and  Vdc2  is  0.5.  Therefore,  while  evaluating  the 
SM  capacitor  voltage  ripple,  the  larger  value  of  the  SM  capacitor  voltage  ripple  magnitude 
between  the  upper  and  lower  arms  is  considered  to  select  the  SM  capacitive  reactance. 
Solving  (60)  and  (61),  the  normalized  magnitude  of  the  SM  capacitor  voltage  ripple  versus 
the  SM  capacitive  reactance  is  shown  in  Fig.  19  for  Vdci/vdc2  =  0.5.  Based  on  Fig.  19,  the 
maximum  SM  capacitive  reactance  can  be  determined  to  satisfy  the  SM  capacitor  voltage 
ripple  requirement. 


2.2.4  Operating  Frequency 

Unlike  the  DC-AC  MMC  used  in  the  UVDC  applications  in  which  the  operating  fre¬ 
quency  is  imposed  by  the  converter  AC-side  frequency,  the  operating  frequency  of  the 
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Figure  20:  Converter  semiconductor  device  losses  versus  the  operating  frequency. 

DC  MMC  is  a  free  design  parameter.  The  operating  frequency  can  he  chosen  based  on  a 
trade-off  between  the  component  size/cost  and  the  converter  efficiency.  To  choose  a  proper 
AC  operating  frequency,  the  power  losses  of  the  converter  are  evaluated  at  various  operat¬ 
ing  frequencies.  Since  a  higher  operating  frequency  leads  to  smaller  passive  components 
size/cost,  the  maximum  AC  operating  frequency  that  satisfies  the  power  loss  constraint  is 
identified.  Since  the  semiconductor  devices  make  the  major  contribution  to  the  converter 
total  power  losses  [31],  the  power  loss  constraint  is  set  for  semiconductor  devices  losses. 
To  calculate  the  power  losses,  a  power  loss  estimation  method  based  on  semiconductor  be¬ 
havior  model  is  adopted  from  [32,33].  By  applying  this  method,  the  total  conduction  and 
switching  losses  of  the  DC  MMC  at  the  given  operating  condition  are  evaluated  for  various 
operating  frequencies.  The  converter  total  semiconductor  device  losses  versus  the  converter 
operating  frequency  are  shown  in  Fig.  20.  Once  the  operating  frequency  is  chosen,  the  arm 
and  phase  filtering  inductances  as  well  as  the  SM  capacitance  can  be  determined  based 
on  the  operating  frequency  and  their  corresponding  reactances,  determined  in  the  previous 
steps. 

The  procedure  to  size  the  components  of  the  DC  MMC  is  illustrated  in  the  flowchart  of 
Fig.  21.  Given  the  nominal  operating  conditions  and  the  design  constraints,  first,  the  arm 
inductive  reactance  is  selected  based  on  the  controller  design.  The  arm  inductive  reactance 
should  be  sized  to  guarantee  that  the  controller  converges  to  the  achievable  minimum  arm 
AC  current.  As  shown  in  Fig.  21,  several  iterations  might  be  required  to  find  the  set  of 
components,  which  satisfy  the  design  constraints.  Once  an  arm  reactance  is  selected,  the 
amplitude  of  the  AC  component  of  the  phase  current  is  calculated  for  various  phase  fil¬ 
tering  inductive  reactances.  A  minimum  phase  filtering  reactance  that  satisfies  the  phase 
current  AC  component  amplitude  constraint  can  be  identified  in  this  step.  The  SM  capaci¬ 
tor  voltage  ripple  magnitude  will  then  be  calculated  for  different  SM  capacitive  reactances. 
A  maximum  SM  capacitive  reactance  will  be  identified  to  satisfy  the  constraint  on  the  SM 
voltage  ripple  magnitude.  In  the  next  step,  semiconductor  power  losses  are  estimated  at 
various  frequencies  and  the  maximum  frequency  that  satisfies  the  power  loss  constraint  can 
then  be  identified.  After  this  step,  the  controller  performance  will  be  evaluated  by  simula¬ 
tion  studies.  If  the  controller  fails  to  converge,  the  arm  inductive  reactance  will  be  resized. 
If  the  controller  performance  is  satisfied,  the  arm  and  output  inductors  as  well  as  the  SM 
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Figure  21 :  Flowchart  of  the  component  sizing  procedure  of  the  DC  MMC. 


capacitor  can  be  sized. 

2.2.5  Simulation  Results 

Simulation  results  are  reported  in  this  section  on  a  three-phase-leg  DC  MMC,  using 
parameters  and  corresponding  constraints  listed  in  Tables  4.  The  studies  are  conducted  to 
validate  the  developed  steady  state  model  and  demonstrate  the  accuracy  of  the  converter 
design  process.  The  sizes  of  the  passive  components  are  determined  based  on  the  design 
procedure  proposed  in  Section  2.2.  Two  modes  of  operations  are  simulated  to  mimic  the 
bidirectional  power  flow:  the  buck  mode  of  operation,  which  is  defined  as  DC  power  flow¬ 
ing  from  the  DC-link  2  to  the  DC-link  1  and  the  boost  mode  of  operation,  which  is  defined 
as  DC  power  flowing  from  the  DC-link  1  to  the  DC-link  2.  The  designed  converters  are 
simulated  in  the  PSCAD/EMTDC  software  environment.  The  sinusoidal  pulse  width  mod¬ 
ulation  (SPWM)  scheme  in  conjunction  with  the  open-loop  control  strategy  in  [34]  are 
used  in  the  simulation  studies.  The  steady  state  converter  waveforms  for  buck  and  boost 
modes  of  operation  of  the  DC  MMC  are  provided  in  Figs.  22  and  23,  respectively,  where 
Vdci/Vdc2  =  0.5.  In  both  figures,  the  SM  capacitor  voltages  and  arm  currents  of  only  the 
phase-a  are  shown.  The  nominal  conditions,  design  constraints,  converter  parameters,  and 
analytical  results  are  shown  in  Table  4.  By  following  the  described  design  procedure,  an 
arm  reactance  of  2  Q  is  selected  to  ensure  the  convergence  of  the  controller.  An  output 
reactance  of  450  Q  is  chosen,  which  results  in  9.8  A  phase  AC  current  amplitude.  Asm  is 
selected  as  0.2  Q,  which  results  in  3.8%  SM  capacitor  voltage  ripple.  An  AC  operating 
frequency  of  360  Hz  is  chosen,  leading  to  0.5%  semiconductor  power  losses. 

Since  Vdd/Vdd  =  0.5,  the  DC  components  of  and  have  the  same  magnitude  as 
shown  in  Figs.  22(c)  and  23(c).  The  magnitudes  of  the  SM  capacitor  voltages  ripple  in  the 
upper  and  lower  arms  are  almost  the  same,  i.e.,  74  V  for  buck  mode  of  operation  and  78 
V  for  boost  mode  of  operation.  The  peak  to  peak  magnitude  of  the  AC  component  of  the 
phase  current  is  equal  to  18  A  for  both  modes  of  operation.  As  confirmed  by  the  waveforms 
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Table  4:  Nominal  conditions  and  design  constraints  of  the  study  system 


Nominal  Conditions 

Value 

Rated  converter  power,  P 

7  MW 

DC“link  1  voltage,  v^ci 

8.8  kV 

DC-link  2  voltage,  Vdc2 

4.4  kV 

Design  Constraints 

Value 

Phase  current  ripple,  |zVac,p-pl/Wc 

5% 

SM  voltage  ripple,  |AvsMl/vc,«om/«„/ 

4% 

Converter  power  losses 

1% 

Converter  Parameters 

Value 

Number  of  SMs  per  ann,  N 

4 

SM  capacitor,  Csm 

2mF 

Arm  inductor,  / 

0.89  mil 

Phase  filtering  inductor,  L 

132  mH 

Operating  frequency,  / 

360  Hz 

Performance  Parameters 

Analytical  Results 

Phase  current  ripple,  |/o,ac,p-pl 

19.6  A 

SM  capacitor  voltage  ripple  |AvsmI 

81.6  V 

Converter  power  losses 

0.5% 

of  Figs.  22  and  23,  the  magnitude  of  the  SM  capacitor  voltages  ripple  and  AC  component 
of  the  phase  current  are  below  the  design  constraints  for  both  modes  of  operation. 

2.3  Closed-loop  Control  of  the  DC  MMC 

In  the  DC  MMC,  the  power  flow  within  each  arm  can  be  decomposed  into  a  DC  and 
an  AC  component.  The  DC  power  component  is  controlled  to  transfer  the  commanded 
power  between  the  input  and  output  DC  links.  An  AC  circulating  current  needs  to  be 
injected  and  controlled  to  exchange  active  AC  power  between  the  upper  and  lower  arms 
of  each  phase-leg  such  that  the  power  balance  of  each  SM  capacitor  is  maintained.  The 
arm  AC  active  power  should  be  actively  controlled  to  follow  the  arm  DC  power  in  the 
upper  and  lower  arms  by  controlling  v^^m.ac  and  v^rm,ac-  shown  in  (51)  there  are  infinite 
possible  combinations  of  control  inputs,  i.e.,  v^rm,ac  and  that  satisfy  the  power  balance 

constraints.  However,  from  the  power  loss  and  device  rating  perspectives,  the  amplitude 
of  AC  circulating  current  must  be  minimized.  To  minimize  the  AC  circulating  current  that 
delivers  a  constant  amount  of  arm  AC  power,  the  amplitudes  of  the  AC  components  of  the 
arm  voltages  must  be  maximized. 

To  minimize  the  divergence  between  the  SM  capacitor  voltages  of  the  upper  and  lower 
arms,  a  closed-loop  control  strategy  is  required.  The  closed-loop  control  strategy  for  the 
DC  MMC  involves  three  tasks:  (i)  minimization  of  the  voltage  divergence  between  the 
SM  capacitors  of  the  upper  and  lower  arms;  (ii)  minimization  of  the  circulating  current 
required  to  exchange  active  AC  power;  and  (iii)  regulation  of  the  output  DC-link  voltage. 
To  this  end,  two  closed-loop  control  strategies  are  proposed  in  this  section:  an  MCC,  which 
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Figure  22:  Steady-state  converter  waveforms  for  buck  mode  of  operation  for  Vdci/vdc2  = 
0.5:  (a)  input  and  output  dc  voltages,  (b)  input  and  output  currents,  (c)  upper  and  lower 
arm  currents  of  phase-a,  (d)  phase  currents,  (e)  SM  capacitor  voltages  of  the  upper  and 
lower  arm  of  phase-a  and  (f)  upper  and  lower  arm  voltages  of  phase-a. 


37 
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Figure  23:  Steady-state  converter  waveforms  for  boost  mode  of  operation  for  Vdci/vdc2  = 
0.5:  (a)  input  and  output  dc  voltages,  (b)  input  and  output  currents,  (c)  upper  and  lower  arm 
currents  of  phase-a,  (d)  phase  currents,  (e)  SM  capacitor  voltages  of  the  upper  and  lower 
arm  of  phase-cr  and  (f)  upper  and  lower  arm  voltages  of  phase-cr. 
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Figure  24:  Overall  block  diagram  of  the  proposed  MCC. 


Figure  25:  Output  voltage  regulator  of  the  proposed  MCC. 


is  based  on  the  phasor-domain  model  of  the  DC  MMC,  and  a  PCC,  which  is  based  on  an 
perturb  and  observe  algorithm. 

2.3.1  The  MCC 

Fig.  24  shows  overall  block  diagram  of  the  proposed  MCC.  The  MCC  consists  of  an 
outer  loop  to  regulate  the  output  DC-link  voltage  combined  with  an  inner  loop  to  maintain 
the  SM  capacitor  voltages  balanced.  In  this  control  strategy,  the  SM  capacitor  voltages 
of  the  upper  and  lower  arms  and  the  output  DC-link  voltage  and  current  are  the  measured 
variables.  The  upper  and  lower  arm  voltage  references  are  the  outcomes  of  the  closed-loop 
control. 

Block  diagram  of  the  output  voltage  regulator  of  the  MCC  is  shown  in  Fig.  25.  To  regu¬ 
late  the  output  DC-link  voltage  at  its  reference  value,  the  outer  loop  employs  a  Proportional- 
Integral  (PI)  controller  that  acts  on  the  difference  between  the  reference  and  measured  out¬ 
put  DC-link  voltage  to  generate  the  reference  value  for  the  DC  component  of  the  lower 
arm  voltage,  <j(.,ref  reference  value  for  the  DC  component  of  the  upper  arm  voltage, 
'4m,dc,ref’  determined  by  subtracting  dc,ref  ^om  Vdc2  to  satisfy  the  KVL  in  the  DC  loop 
fanned  by  Vde?,  ,  and  v"  ,  . 

j  ULZ5  arm,dc  arm,dc 


Figure  26:  Auxiliary  controller  of  the  proposed  MCC. 
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To  maintain  the  power  balance  between  the  upper  and  lower  arms,  an  estimator  shown 
in  Fig.  24  is  used  to  generate  the  reference  amplitude  for  the  AC  components  of  the  upper 
and  lower  arm  voltages,  |i^rm,ac,refl  l^arm,ac,refl>  respectively,  as  well  as  the  reference  phase 
angle  for  the  AC  component  of  the  upper  ann  \’oltage,  |i^rm,ac,refl  maintained  at  its 
maximum  value  while  |i^rm,ac,refl  controlled  by  the  estimator  to  regulate  the  AC  active 
power  exchange.  First,  the  required  arm  AC  active  power  to  maintain  the  power  balance 
between  the  upper  and  lower  arms  is  determined  by  substituting  for  the  measured  DC-link 
voltages  and  current  in  (45).  To  minimize  the  AC  circulating  current,  |v^rm,aclmax  should  be 
applied  as  the  reference.  |v^rm,aclmax  ^nd  Iv^rm^aclniax  nre  then  determined  by  substituting  for 
'^m.dc.ref  Krm.dc.ref’  which  are  generated  by  the  outer  control  loop  into  (39)  and  (40). 
Finally,  is  determined  by  substituting  for  the  measured  DC-link  voltages,  P,  |i^rmacrefl> 

a»d|^rm,ac,ref|int0(51). 

Assuming  equal  power  sharing  among  M  phase-legs,  the  estimator  uses  the  measured 
P  to  estimate  the  reference  signals  that  minimize  the  AC  circulating  current  for  each  phase- 
leg.  This  assumption  is  valid  under  normal  operating  conditions.  To  improve  the  accuracy 
and  robustness  of  the  MCC  to  minimize  the  AC  circulating  current,  the  output  power  of 
each  phase-leg  can  be  measured  by  measuring  the  output  current  of  each  phase-leg  and 
used  to  determine  the  reference  signals.  This  approach,  however,  will  adds  to  the  cost  and 
complexity  of  the  converter  for  high-power  applications,  where  multiple  phase-legs  need 
to  be  Installed. 

For  the  sake  of  disturbance  rejection,  a  compensating  signal,  |  is  generated  by 

an  auxiliary  controller  shown  in  Fig.  26.  The  auxiliary  controller  employs  a  PI  controller 
acting  on  the  difference  between  the  sum  of  the  SM  capacitor  voltages  of  the  upper  and 
lower  arms  to  correct  steady  state  error  of  the  SM  capacitor  voltage  balancing  and  to  assist 
the  estimator  in  maintaining  the  power  balance  during  converter  start-up  and  transients. 
The  compensating  signal  is  added  to  ac,refl>  which  is  generated  by  the  estimator. 

2.3.2  The  PCC 

The  block  diagram  of  the  proposed  PCC  is  shown  in  Fig.  27.  Similar  to  the  MCC, 
the  PCC  has  an  outer  loop,  which  regulates  the  output  DC-link  voltage  combined  with  an 
inner  loop,  which  maintains  the  SM  capacitor  voltages  between  the  upper  and  lower  arms 
balanced.  Nevertheless,  the  PCC  requires  less  measured  variables  as  the  output  DC-link 
voltage  and  the  SM  capacitor  voltages  of  the  upper  and  lower  arms  are  the  only  variables 
to  be  measured. 

The  outer  loop  voltage  controller  has  the  same  structure  as  the  one  in  the  MCC.  In  this 
section,  the  inner  loop  power  balance  control  will  be  explained.  To  explain  the  operation 
of  the  PCC,  two  error  signals  are  defined; 


~  l^rm,acli 


arm,  ac  I  max 


-|v^ 

'  ar 


(62) 


(63) 


where  and  represenf  the  sum  of  the  SM  capacitor  voltages  of  upper  and  lower 
respectively. 


arms. 
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Figure  27:  Overall  block  diagram  of  the  proposed  PCC. 


The  inner  loop  of  the  PCC  consists  of  two  PI  controllers  acting  on  ei  and  62-  li^nnacl 
is  fixed  at  its  maximum  value  determined  by  (40)  and  |i^rm,acl  and  (p  are  the  outcomes  of 
the  closed-loop  control.  Deviation  of  C]  from  zero  indicates  power  imbalance  between  the 
upper  and  lower  arms  such  that  the  sum  of  the  SM  capacitor  voltages  diverges  from  the 
lower  one.  The  PI  controller  adjusts  l^rmacrefl  correct  the  power  imbalance  between  the 
upper  and  lower  arms.  If  62  >  0,  which’ indicates  is  smaller  than  its  maximum 

available  value,  the  PI  controller  increases  <p.  As  p  increases,  the  required  IVarmacrefI 
establish  power  balance  between  the  upper  and  lower  arms  is  increased,  which  leads  to 
an  increasing  in  ej.  The  PI  controller  that  acts  on  ei  will  increase  |v^  J  to  reduce  the 
divergence  between  the  sum  of  the  SM  capacitor  voltages  of  the  upper  and  lower  arms 
'•"■‘tii  |i^rm,ac,refl  Tcaches  its  maximum  attainable  value,  |i^rm,aclmax.  If  22  <  0,  meaning  that 
|i^rm,ac,refl  grater  than  its  maximum  value  and  the  converter  operates  in  over-modulation 
mode,  the  PI  controller  acting  on  62  decreases  (p.  As  (p  deceases,  S]  becomes  negative 
l'^,ac,refl  fcquired  to  establish  power  balance  between  the  upper  and  lower  arms  is 
reduced.  The  PI  controller  that  acts  on  ei  will  decrease  ^,^(.1  to  minimize  the  divergence 
between  the  sum  SM  capacitor  voltages  of  the  upper  and  lower  arms  until  drops 

to  its  maximum  attainable  value. 

Since  the  push-pull  operation  ensures  that  |v£m,acl  and  |r^rm,acl  operate  at  their  maximum 
attainable  values,  the  AC  circulating  current  is  minimized.  In  addition,  the  divergence 
between  the  sum  of  SM  capacitor  voltages  of  the  upper  and  lower  arms  is  minimized. 

2.3.3  Simulation  Results 

To  demonstrate  performance  and  effectiveness  of  the  proposed  control  strategies,  a  two- 
phase-leg  DC  MMC  is  simulated  in  the  PSCAD/EMTDC  software  environment.  The  sys¬ 
tem  parameters  and  operating  conditions  are  listed  in  Table  5.  Although  the  DC  MMC  is 
capable  of  bidirectional  power  transfer,  without  loss  of  generality,  buck  mode  of  operation, 
i.e.,  DC  power  flowing  from  the  DC-link  2  to  the  DC-link  1,  is  considered  for  simulation 
studies. 
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Table  5:  Parameters  of  the  study  system 


Converter  Parameters 

Value 

Number  of  phase-legs,  M 

2 

Number  of  SMs  per  aim,  N 

4 

SM  capacitor,  Cs>4 

2,6  mF 

Arm  inductor,  / 

1.1  mH 

Phase  filtering  inductor,  L 

210  mH 

Operating  frequency,  oj 

360  Hz 

Rated  Power,  P 

7  MW 

DC-link  2  voltage,  Vdc2 

8.8  kV 

The  DC  MMC  operating  with  each  of  the  proposed  control  strategies  is  simulated  under 
two  scenarios.  In  Scenario  I,  the  DC  MMC  operates  in  buck  mode  of  operation  with  a 
reference  output  DC-link  voltage  of  4.4  kV.  Initially,  the  converter  transfers  3.5  MW  power 
(half  load).  At  t  =  0.5  s,  the  output  power  is  ramped  up  from  3.5  MW  to  7  MW  (full  load). 
In  Scenario  II,  the  DC  MMC  operates  in  buck  mode  of  operation  with  an  reference  output 
DC-link  voltage  of  4.4  kV  transferring  4.86  MW  power.  At  t  =  0.5  s,  the  reference  output 
DC-link  voltage  is  ramped  up  from  4.4  kV  to  5.28  kV  (10%  increase),  which  corresponds 
to  ramping  the  transfered  power  from  4.68  MW  to  7  MW  (full  load). 

2. 3. 3. 1  Simulation  Results  under  the  MCC 

The  simulated  waveforms  for  the  study  system  based  on  the  MCC  in  Scenario  I  are 
shown  in  Figs.  28  and  29.  Initially,  the  DC  MMC  system  of  Fig.  13  is  in  a  steady  state 
condition  and  3.5  MW  power  is  flowing  from  the  DC-link  2  to  the  DC-link  1 .  Vdc],ref  is  set 
to  4.4  kV.  At  t  =  0.5  s,  the  output  power  is  ramped  up  to  7  MW.  Figs.  28(a)  and  (b)  show  the 
DC-link  voltages  and  currents  of  the  DC  MMC  phase-o,  respectively.  As  depicted,  the  DC- 
link  1  voltage  is  well  regulated  at  4.4  kV  under  both  transient  and  steady  state  conditions. 
As  shown  in  Fig.  28(d),  the  SM  capacitor  voltages  are  maintained  at  their  nominal  value 
of  2.2  kV.  The  magnified  waveforms  during  and  subsequent  to  the  ramp-up  are  shown  in 
Fig.  29.  Since  the  converter  operates  with  a  duty  ratio  of  0.5,  the  maximum  amplitude 
of  the  AC  component  of  the  arm  voltage  is  4.4  kV.  As  shown  in  Figs.  29(b)  and  (d),  the 
AC  components  of  the  arm  voltages  are  maintained  at  the  vicinity  of  their  maximum  value 
during  ramp-up  and  steady  state.  As  a  result,  the  AC  circulating  current  is  maintained  at 
its  minimum  value.  Moreover,  as  shown  in  Figs.  29(a)  and  (c),  the  divergence  between  the 
SM  capacitor  voltages  of  the  upper  and  lower  anus  are  minimized. 

The  simulated  waveforms  for  the  study  system  based  on  MCC  in  Scenario  II  are  pro¬ 
vided  in  Figs.  30  and  31.  Initially,  the  DC  MMC  system  of  Fig.  13  is  in  a  steady  state 
condition  and  4.86  MW  power  is  flowing  from  the  DC-link  2  to  the  DC-link  1.  Vdci,ref  is 
set  to  4.4  kV.  At  t  =  0.5  s,  Vdci,ref  is  ramped  up  by  10%  to  5.28  kV,  corresponding  to  power 
ramp-up  from  4.86  MW  to  7  MW.  As  shown  in  Fig.  30(a),  subsequent  to  the  ramp,  the  out¬ 
put  DC-link  voltage  is  well  regulated  at  5.28  kV.  As  the  output  DC-link  voltage  increases 
from  4.4  kV  to  5.28  kV,  the  DC  component  of  the  lower  arm  voltage  shown  in  Fig.  3 1  (d)  is 
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Figure  28:  Converter  waveforms  in  Scenario  1  with  the  MCC:  (a)  input  and  output  DC-link 
voltages,  (b)  input  and  output  DC-link  current,  (c)  upper  and  lower  arm  currents  of  phase-a, 
and  (d)  SM  capacitor  voltages  of  the  upper  and  lower  arms  of  phase-a. 


Figure  29:  Magnified  portion  of  converter  wavefomis  in  Fig.  28:  (a)  SM  capacitor  voltages 
of  the  upper  and  lower  anns  of  phase-a,  (b)  reference  AC  voltages  of  the  upper  and  lower 
anus  of  phase-a,  (c)  SM  capacitor  voltages  of  the  upper  and  lower  arms  of  phase-a,  and  (d) 
reference  AC  voltages  of  the  upper  and  lower  arms  of  phase-a. 


increased  while  that  of  the  upper  arm  voltage  is  decreased.  As  a  result,  the  maximum  am¬ 
plitudes  of  the  AC  component  of  both  the  upper  and  lower  arms  are  decreased.  Subsequent 
to  the  ramp-up  transient,  the  AC  components  of  the  arm  voltages  are  maintained  at  their 
maximum  value.  Furthermore,  the  SM  capacitor  voltages  are  maintained  balanced  under 
both  transient  and  steady  state  conditions,  as  shown  in  Fig.  31. 

2. 3. 3. 2  Simulation  Results  under  the  PCC 

The  simulated  waveforms  for  the  study  system  based  on  the  PCC  in  Scenario  1  are 
shown  in  Figs.  32  and  33.  The  output  DC-link  voltage  is  regulated  at  4.4  kV  and  the  SM 
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Figure  30:  Converter  wavefomis  in  Seenano  II  with  the  MCC:  (a)  input  and  output  DC- 
link  voltages,  (b)  input  and  output  DC-link  eurrents,  (e)  upper  and  lower  arm  eurrents  of 
phase-<7,  and  (d)  SM  eapaeitor  voltages  of  the  upper  and  lower  arms  of  phase-<7. 


Figure  3 1 :  Magnified  portion  of  eonverter  waveforms  in  Fig.  30:  (a)  SM  eapaeitor  voltages 
of  the  upper  and  lower  arms  of  phase-<7,  (b)  referenee  AC  voltages  of  the  upper  and  lower 
arms  of  phase-tr,  (e)  SM  eapaeitor  voltages  of  the  upper  and  lower  arms  of  phase-a,  and  (d) 
referenee  AC  voltages  of  the  upper  and  lower  anns  of  phase-tr. 


eapaeitor  voltages  are  maintained  balaneed  under  both  steady  state  and  transient  eonditions. 
In  addition,  the  AC  eomponents  of  the  arm  voltages  are  maintained  at  their  maximum  value 
as  sliown  in  Figs.  33(b)  and  (d).  As  eonfirmed  by  the  simulation  results,  both  the  MCC  and 
PCC  are  eapable  of  simultaneously  regulating  the  output  DC-link  voltage,  maintaining  the 
SM  eapaeitor  voltages  balaneed  and  minimizing  the  AC  eireulating  eurrent. 

The  eorresponding  simulated  waveforms  based  on  the  PCC  in  Seenario  II  are  shown 
in  Figs.  34  and  35.  As  eonfirmed  by  the  waveforms,  the  PCC  is  eapable  of  regulating  the 
output  DC-link  voltage,  maintaining  the  SM  eapaeitor  voltages  balaneed,  and  minimizing 
the  circulating  current  under  both  transient  and  steady  state  conditions. 
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Figure  32:  Converter  waveforms  in  Scenario  I  with  the  PCC:  (a)  input  and  output  DC-link 
voltages,  (b)  input  and  output  DC-link  current,  (c)  upper  and  lower  arm  currents  of  phase-a, 
and  (d)  SM  capacitor  voltages  of  the  upper  and  lower  arms  of  phase-a. 


Figure  33:  Magnified  portion  of  converter  waveforms  in  Fig.  32:  (a)  SM  capacitor  voltages 
of  the  upper  and  lower  arms  of  phase-a,  (b)  reference  AC  voltages  of  the  upper  and  lower 
arms  of  phase-a,  (c)  SM  capacitor  voltages  of  the  upper  and  lower  arms  of  phase-a,  and  (d) 
reference  AC  voltages  of  the  upper  and  lower  arms  of  phase-a. 


2.4  Conclusions 

In  this  chapter,  a  phasor-domain  steady  state  mathematical  model  for  the  DC  MMC  is 
proposed.  Based  on  the  proposed  model,  a  systematic  procedure  of  sizing  the  converter 
components  is  developed.  Proper  sizing  of  the  components  ensures  the  converter  achieve 
high  efficiency  while  satisfying  a  set  of  given  design  requirements.  Two  closed-loop  control 
strategies,  one  based  on  an  MCC  and  the  other  based  on  a  PCC  are  proposed  to  simultane¬ 
ously  regulate  the  output  DC-link  voltage,  maintain  the  SM  capacitor  power  balanced,  and 
minimize  the  AC  circulating  current  of  the  DC  MMC.  Simulation  results  are  presented  to 
demonstrate  the  accuracy  of  the  proposed  design  procedure  as  well  as  the  effectiveness  of 
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Figure  34:  Converter  waveforms  in  scenario  II  with  PCC:  (a)  input  and  output  DC-link 
voltages,  (b)  input  and  output  DC-link  current,  (c)  upper  and  lower  arm  currents  of  phase- 
a,  and  (d)  SM  capacitor  voltages  of  the  upper  and  lower  arm  of  phase-a. 


Figure  35:  Magnified  portion  of  converter  waveforms  in  Fig.  34:  (a)  SM  capacitor  voltages 
of  the  upper  and  lower  arms  of  phase-a,  (b)  reference  AC  voltages  of  the  upper  and  lower 
arms  of  phase-a,  (c)  SM  capacitor  voltages  of  the  upper  and  lower  arms  of  phase-a,  and  (d) 
reference  AC  voltages  of  the  upper  and  lower  anns  of  phase-a. 

the  proposed  control  strategies. 
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